During Drosophila eye development, localized Notch signaling at the dorsal ventral (DV)
Introduction
Proper organ development requires strict growth control relying on precise regulation of cell size, cell death and cell number. While the regulation of the cell cycle has been carefully studied in yeast and mammalian cell culture, the complexity of the multi-cellular environment has hindered a detailed investigation into the regulation of proliferation and cell cycle during development (Levine, 2004) . The Drosophila eye provides an excellent system for studying the developmental regulation of cell proliferation since the eye undergoes two coordinated mitotic phases with an intervening period of G1 arrest. During the first phase, immature cells throughout the presumptive eye tissue undergo rapid proliferation. Prior to differentiation, successive rows of cells arrest in G1. These arrested cells either differentiate as photoreceptors or enter a synchronized round of cell division known as the second mitotic wave (Neufeld and Hariharan, 2002; Wolff and Ready, 1991) . Each phase requires specific signaling inputs that promote either cell proliferation or cell cycle arrest. The mechanisms coordinating the developmental regulation of each phase remain, however, largely elusive.
A critical event in eye development is the formation of the dorsal -ventral (DV) organizer, which is required for the first phase of proliferation. The organizer is established early in the second larval instar by events that lead to dorsal or ventral restriction of several factors including the ligands for the Notch (N) receptor, Delta (Dl) and Serrate (Ser). The restricted expression and/or activity of these factors lead to Notch signaling at the DV-midline (Cho and Choi, 1998; Dominguez and de Celis, 1998; Papayannopoulos et al., 1998) . Notch-ligand binding results in cleavage of the Notch receptor, thus freeing the intracellular portion, which translocates to the nucleus and regulates transcription of target genes (Artavanis-Tsakonas et al., 1999) . Genetic manipu-lations of the Notch pathway have indicated that Notch activation at the DV-midline regulates the growth of the eye primordia. In genetic backgrounds where activated Notch is expressed throughout the eye field, the field is enlarged, presumably due to increased cell proliferation (Dominguez and de Celis, 1998; Kurata et al., 2000) . The reverse is also true; loss of Notch activity can result in a complete loss of eye tissue (Cho and Choi, 1998; Dominguez and de Celis, 1998; Kenyon et al., 2003) . Recently, Kenyon et al. (2003) have shown that the loss of eye tissue in Notch mutants can be rescued by overexpression of Cyclin E, indicating that tissue loss is due to a proliferation defect. Since Notch activation is restricted to the DV-midline, the mechanism by which Notch controls growth and stimulates proliferation throughout the entire eye field is of great interest.
The transition to the third larval instar is marked by the initiation of cell fate determination and differentiation in the eye disc. This is highlighted by an indentation, the morphogenetic furrow, that begins at the posterior of the disc and moves anteriorly (Heberlein and Moses, 1995; Treisman and Heberlein, 1998) . Furrow initiation coincides with cell cycle synchronization as cells within the furrow undergo cell cycle arrest in G1, as seen by their failure to incorporate BrdU and their lack of expression of the G2specific Cyclin B (Horsfield et al., 1998; Penton et al., 1997; Thomas and Zipursky, 1994) . Furthermore, the arrested cells undergo an apical -basal constriction, causing these cells to form a physical furrow. Since progressively anterior cells undergo this constriction, the furrow takes on a wave-like appearance moving from posterior to anterior across the eye field (Heberlein and Moses, 1995; Treisman and Heberlein, 1998) .
Cells within the furrow encounter signals that determine whether they will differentiate as photoreceptors, or upon exiting the furrow undergo yet another round of cell division. Cells that enter the path of differentiation form a precluster in which one cell becomes the precursor of the R8 photoreceptor. R8 is the first cell specified as a photoreceptor and recruits the remaining cells of the original precluster, inducing their differentiation as photoreceptors. Subsequently, additional photoreceptors are recruited until each ommatidial cluster comprises the full complement of eight photoreceptors (Wolff and Ready, 1991) . As cells of the precluster differentiate, they induce the surrounding cells to undergo a synchronized cell cycle (Baker and Yu, 2001; Baonza et al., 2002; Duman-Scheel et al., 2002) . This additional round of cell division is responsible for providing a second pool of cells from which the accessory cells, including cone cells and pigment cells, are subsequently recruited (Wolff and Ready, 1991) .
Several recent reports have focused on the regulation of eye growth (Bach et al., 2003; Chao et al., 2004; Dominguez et al., 2004; Tsai and Sun, 2004) . Two address how Notch activation at the DV-midline might non-autonomously regulate eye growth (Chao et al., 2004; Dominguez et al., 2004) . Dominquez et al. (2004) showed that the transcription factor Eyegone (Eyg) acts downstream of Notch and has a role in eye growth. Chao et al. (2004) showed that the Jak/ STAT pathway was downstream of Notch. This was especially interesting because activation of the Jak/STAT pathway by the secreted ligand Unpaired (Upd) regulates growth of the eye anterior to the morphogenetic furrow (Bach et al., 2003; Tsai and Sun, 2004) . However, the data presented by Chao et al. (2004) support a model where activation of the Notch pathway and eyg activity are not able to produce cellautonomous transcription of upd. Therefore, yet another relay signal would be required between the activation of Notch and the expression of Upd, which acts as a secreted growth signal.
Here, we report that Notch cell-autonomously regulates upd transcription. Through the analysis of Notch loss-offunction and gain-of-function clones, we show that Notch is both sufficient and necessary for upd expression. This, along with genetic interactions between the Notch pathway and the Jak/STAT pathway, indicates that the Jak/STAT pathway functions directly downstream of Notch for eye growth. In addition to its function in up-regulating upd expression, we demonstrate that an activated form of Notch is able to block autonomous differentiation of eye tissue. This block in differentiation is not due to lateral inhibition, since cells never become G1 arrested, an important stage that occurs prior to lateral inhibition. Instead, cells remain in an immature and highly proliferative state. This phenomenon is similar to the oncogenic properties of Notch as seen in several cancers, including T cell acute lymphoblastic leukemia/lymphoma (T-ALL), where activated forms of the Notch receptor transform immature T cells (Pear and Aster, 2004) .
Materials and methods

Fly stocks
The following stocks were used: actin > CD2 > Gal4; UAS-GFP (Pignoni and Zipursky, 1997) , UAS-N act (gift of S. Artavanis-Tsakonas), E(spl)mb-CD2 (gift of J. de Celis), E132-Gal4 (gift of F. Pignoni), UAS-GFP, UAS-Dl, UAS-Ser, ey-Gal4 and ey-Flp (Newsome et al., 2000) , hs-Flp (Golic and Lindquist, 1989) , N 5419 (Cadigan and Nusse, 1996) , eyg 685 (gift of H. Sun), upd 54 , hop msv1 and STAT92E J6C8 (gifts from N. Perrimon), dome G0218 , dome G0282 and Oregon-R (Bloomington Stock Center).
Generation of clones
Gain-of-function clones were produced using the ''Flipout'' technique as originally described in Struhl and Basler (1993) . Clones expressing N act were generated first by crossing ey-Flp or hs-Flp to UAS-N act , then crossing offspring to actin > CD2 > Gal4: UAS-GFP. Flies with clones generated via hs-Flp were heat shocked at 37-C for 20 min 24-48 h AEL. Loss-of-function clones were generated using the FLP-FRT method (Xu and Rubin, 1993) . Clones of the null allele, N 5419 , were generated using ey-Flp and were negatively marked by GFP.
BrdU incorporation
Second and third instar larvae were dissected in 1X PBS. Discs were collected in Schneider's Medium and incubated in 1 mg/ml BrdU/Schneider's for 20 min at RT. Discs were then fixed in 4% Formaldehyde in 1XPBS for 20 min at RT. Discs were then treated in 2 N HCL in 1XPBS + 0.1%Triton X-100 (PBX), for 20 min at 37-C. Finally, discs were washed in PBX and a standard immunohistochemistry protocol was followed.
In situ hybridization
The Upd anti-sense probe was generated by PCR from genomic DNA using the following primers: 5V-GAAAGTG-GCTACCATGCG-3V and 5V-GGCGAGTCCTGAGGTA-AG-3V. The in situ hybridization protocol described (Curtiss and Mlodzik, 2000) was followed with the following additions for fluorescent detection: Upd antisense probe was used at 1:4000; discs were incubated in sheep anti-Digoxigenin (Roche, 1:2000), followed by biotin anti-sheep (Jackson Immuno Research, 1:250), followed by strepavidin-HRP (Perkin Elmer, 1:250); tetramethyl-rhodamine TSA (Perkin Elmer) was used at 1:500 for 5 min.
Immunohistochemistry
Imaginal discs were dissected, fixed and stained as described (Curtiss and Mlodzik, 2000) . A detailed protocol can be provided upon request. The following antibodies were used at the indicated concentration: rabbit anti-Ey (gift of U. Walldorf, 1:1000), rat anti-Dll (gift of S. Cohen, 1:50), rabbit anti-Dome (gift of J. Castelli-Gair Hombria, 1:150), rat anti-Upd (gift of E. Bach, 1:10), mouse anti-rat CD2 (Serotec, 1:100), mouse anti-BrdU (Becton-Dickson, 1:10), rabbit anti-GFP (Abcam, 1:250), rabbit anti-phospho-Histone H3 (Upstate Biotechnology, 1:150), sheep anti-Dig (Roche 1:2000). The following antibodies were obtained from the Developmental Studies Hybridoma Bank: mouse anti-Eya (1:20), rat anti- , mouse anti-Cyclin B (1:5), rat anti-Elav (1:200). All fluorescently labeled secondary antibodies came from Jackson Immuno Research and were used at the manufacturer's suggested concentration.
Confocal microscopy
Samples were mounted in 80% Glycerol with 0.4% n-propyl gallate on slides. Serial sections were taken using either a Leica TCS-SP or Zeiss LSM 510 Meta both maintained by the Mt. Sinai School of Medicine Microscopy Shared Research Facility.
Results
Components of the Jak/STAT pathway suppress eye overgrowth mediated by the Notch pathway
Recent experiments ectopically expressing the diffusible ligand of the Jak/Stat pathway, Unpaired (Upd), resulted in increased proliferation of undifferentiated cells anterior to the furrow, suggesting a role of Jak/STAT signaling in eye growth (Bach et al., 2003; Tsai and Sun, 2004) . Since the Notch pathway also induces growth of eye tissue, cooperation between these two pathways may be important for eye growth. More specifically, the Jak/STAT pathway could be functioning as a long-range signal downstream of the Notch pathway. To obtain further insight into the relationship of these pathways, we tested if (1) components of these pathways genetically interact and (2) whether they affect each other's expression.
Since overexpression of Notch leads to overgrowth of the eye, mutations in genes acting downstream of Notch signaling should suppress the overgrowth phenotype. We therefore generated flies that expressed the Notch ligands, Ser and Dl, under the control of ey-GAL4. Both these lines had overgrown eyes due to increased activation of Notch signaling (Dominguez and de Celis, 1998) . We used this phenotype as the basis for testing genetic interactions. As one would predict, heterozygosity for a Notch mutation itself suppressed the overgrowth phenotype of Ser and Dl (Figs. 1B and D and not shown). This result indicated that ey-Gal4, UAS-Ser (ey > Ser) and ey-Gal4, UAS-Dl (ey > Dl) provided an appropriate genetic background for interaction studies. Additionally, heterozygosity for a null allele of eyg, a transcription factor previously shown to act downstream of Notch, also suppressed the ey > Ser and ey > Dl phenotype (Dominguez et al., 2004; Tsai and Sun, 2004) . To test if the Jak/Stat pathway acts downstream of Notch activation, we analyzed several components of Jak/STAT signaling using flies heterozygous for these respective genes. Removing a copy of either upd or hopscotch (hop; the Drosophila Jak gene) suppressed the overgrowth phenotype (Figs. 1E, F and H) . Heterozygosity for other components of the pathway, domeless (dome, the Upd receptor) or STAT92E, had no effect (data not shown), which may indicate that the levels of these proteins are not limiting in our assay. However, the suppression of the Notch activation phenotype by both upd and hop supports the hypothesis that the Jak/Stat pathway is downstream of Notch signaling for eye growth.
Activation of Notch leads to cell-autonomous upd up-regulation
The above data suggest that Notch activation induces upd expression. To test this, we produced gain-of-function clones using the Flip-out technique and hs-Flp to express an intracellular form of the Notch receptor that is constitutively active (Go et al., 1998; Struhl and Basler, 1993) . N act clones, marked by GFP, showed high levels of upd expression, as seen by fluorescently labeled in situ hybridization ( Figs. 2A  and B ). Levels were similar to the endogenous upd expression seen at the posterior DV-midline in late second/early third instar discs ( Fig. 2A , compare arrowheads with arrow). N act clones also maintained a high level of upd expression in late third instar discs (Fig. 2B ). These data demonstrate that activated Notch induces upd expres-sion. Unlike the results presented by Chao et al. (2004) , in our hands, N act clones expressed upd regardless of the location of the clone within the disc, and, importantly, this up-regulation was cell-autonomous, occurring only in cells that expressed N act (see Discussion). Similarly, we examined Upd protein expression using an antibody to Upd and detected increases within N act clones (not shown).
The discrepancy between our results and those of Chao et al. (2004) is likely to stem from experimental differences regarding the mode of upd detection. In our experiments, we looked directly at upd transcription using in situ hybridization. However, Chao et al. (2004) relied on an enhacer trap line (upd -lacZ) . In their hands, N act clones were able to induce ectopic expression of lacZ only in regions adjacent to endogenous expression of upd, while we see ectopic upd expression due to N act clones regardless of location of the clone. Therefore, we believe that the results of Chao et al. (2004) are limited by the use of an enhancer trap line that does not accurately reflect the regulation of upd.
To address whether ectopic activation of Notch leads to activation of the Jak/STAT pathway, we analyzed the expression of the Upd receptor, dome, which is also a target gene of Jak/STAT signaling (Xi et al., 2003) . Consistent with our previous data, N act clones had higher levels of Dome (Fig. 2C ). Strikingly, unlike upd expression, Dome was up-regulated non-autonomously; cells adjacent to, but outside the clone also had higher levels of Dome (Fig. 2D ). This is consistent with dome being a target of the Jak/STAT pathway and responding to the Upd that diffused from the N act expressing tissue.
Notch loss-of-function clones eliminate endogenous upd transcription
Since these results show that an activated form of the Notch receptor is sufficient for upd transcription, we asked whether Notch activity is also necessary for endogenous expression of upd. Therefore, we generated loss-of-function clones of Notch using the null allele Notch 5419 and analyzed upd transcription by in situ hybridization as described above.
Previous studies described upd expression as transient, with early expression at the posterior margin, which fades to undetectable levels by the mid-late third instar (Bach et al., 2003; Tsai and Sun, 2004; Zeidler et al., 1999) . Our experiments using in situ hybridization verified that upd is expressed at the posterior margin of early/mid second instar discs; however, upd is also expressed ventrally (Fig. 3A) . This ventral expression faded as discs matured to late second/early third instar ( Fig. 3B) , with only the posterior expression remaining, and became even more restricted by the mid-third instar (Fig. 3C ). This ventral staining has not been described in previous reports, but we believe it represents the earliest expression of upd. We confirmed the in situ results using an upd-Gal4 line, E132 (Pignoni and Zipursky, 1997; Tsai and Sun, 2004) to drive UAS-GFP (Fig. 3D ). In early second instar discs, GFP protein was seen ventrally and at the posterior margin ( Fig. 3D, top panel) . In older discs (late second instar; Fig. 3D, bottom panel) , ventral expression began to fade; however, robust levels of GFP were seen at the posterior margin.
Having determined the expression pattern of upd, we then examined upd expression in Notch loss-of-function clones. Strikingly, in tissue that was mutant for Notch, the pattern of upd was disturbed in both second (Fig. 3E) and early third instars (Fig. 3F) , whereas neighboring wild-type tissue within the normal upd expression domain was unaffected ( Figs. 3E and F) . These results establish that Notch signaling is cell-autonomously required for upd expression during eye development. Furthermore, in second instar discs, ventral Notch clones show disrupted upd transcription. This result argues that there is Notch activation not only at the DV-midline but also in ventral tissue and that Notch activity in ventral tissue is necessary for upd expression. In addition, older discs require Notch activity at the posterior margin for proper upd transcription.
Notch signaling can cell-autonomously affect the cell cycle independent of Jak/STAT Next, we analyzed the effects of Notch on the cell cycle markers BrdU and CycB. Three distinct proliferative phases occur during eye development, which can be visualized by differences in BrdU incorporation along the anteriorposterior axis in a wild-type third instar eye disc. Undifferentiated cells in the anterior of the disc undergo robust proliferation, marked by random incorporation of BrdU throughout the anterior tissue. Cells within the furrow undergo G1 arrest and can be identified as a stripe of tissue that does not incorporate BrdU (Figs. 4A and B, white arrowhead; Fig. 6A, arrowhead) . Cells posteriorly adjacent to the furrow undergo a synchronized cell division, called the second mitotic wave, and incorporate BrdU, whereas differentiating cells do not (SMW; Fig. 4B , white arrow; Fig. 6A, arrow) .
We generated N act gain-of-function clones and observed changes in BrdU incorporation in all three regions of the eye disc (Fig. 4A) . Location of the clones within the anterior or posterior had differing effects on the BrdU phenotype. Cells expressing N act within the furrow and posterior to it incorporated BrdU cell-autonomously, indicating that N act pushes cells into S-phase and prevents cells from entering G1 arrest (Fig. 4A, yellow arrowhead) . Accordingly, the pattern of BrdU incorporation in the SMW is extended, which suggests that more cells enter S-phase. Smaller N act clones located within the furrow have strict autonomy along their dorsal -ventral and posterior borders, demonstrating that the effects seen within the furrow and posterior to the furrow are all cell-autonomous ( Figs. 4A and B , yellow arrowheads). However, anterior clones were non-autonomous along the anterior border, and both cells within the clone and surrounding the clone anteriorly have increased numbers of cells incorporating BrdU (Fig. 4B , blue arrowheads). This non-autonomy reflects our previous findings on the role of Notch and Upd (see below).
Similarly, expression of the G2 marker, Cyclin B, is upregulated in N act clones throughout the eye field (Fig. 4C) . This effect was also non-autonomous anterior to the furrow, marking increased proliferation of undifferentiated tissue (Fig. 4C, blue arrowhead) . Posterior N act clones also had an autonomous increase in Cyclin B expression and failed to differentiate as determined by the lack of Elav expression ( Fig. 4C , orange double-headed arrow). N act clones located at the posterior margin of the eye disc demonstrated cellautonomous overgrowth (e.g. yellow arrow in Fig. 4C ). In summary, these data indicate that N act promotes proliferation throughout the eye disc. However, within the furrow and differentiating tissue, clones cell-autonomously affect proliferation, whereas within undifferentiated tissue, anterior to the furrow, there is a clear non-autonomous effect.
The non-autonomous activity of Notch on cell proliferation anterior to the furrow suggests the activity of a diffusible factor. Previous work has shown that ectopic expression of Upd posterior to the furrow induces Cyclin D transcription, but only in cells anterior to the furrow . These results indicate that upd is able to promote proliferation anterior to the furrow in undiffer- Fig. 4 . BrdU incorporation and G2 cyclin expression are cell-autonomously and non-autonomously up-regulated by N act depending on clone location. (A -C) Heat-shock Flip induced Flip-out clones expressing N act in late-third instar eye discs (see Materials and methods; clones marked with GFP, green). (A) Clones (GFP, green) within the furrow incorporate BrdU (red) and posterior clones disrupt the normal pattern of the SMW. Two isolated cells in the furrow region coexpress N act (green) and BrdU (red) and are seen as yellow (highlighted with a yellow arrowhead; furrow marked by white arrowhead). (B) An increase in BrdU labeled cells is seen outside N act clones anterior to the furrow, reflecting non-autonomous Jak/STAT signaling (blue arrowheads). In addition to the nonautonomous effects, BrdU (red) is detected cell-autonomously in N act -expressing cells within the furrow (yellow arrowhead; white arrowhead marks the furrow; white arrow marks SMW). (C) Cyclin B (red) is cell-autonomously up-regulated in N act positive cells (green) within the furrow (yellow arrowheads). Note that posterior marginal clones express Cyclin B and show overgrowth (yellow arrow), but do not express Elav (blue). Similar to marginal clones, clones located posteriorly within the differentiating tissue also express Cyclin B but not Elav (orange double-headed arrow). N act clones within the furrow show nonautonomous increased Cyclin B expression in cells anterior to the furrow (blue arrowhead). entiated cells but not posterior to the furrow in differentiating cells. Based on these observations and our data that Notch is required for upd expression (Figs. 2 and 3) and upd and hop mutations suppress overgrowth caused by Notch activation (Fig. 1) , we conclude that Notch normally controls cell proliferation non-autonomously anterior to the furrow via upd and Jak/STAT signaling. The autonomous effect of N act clones in and posterior to the furrow (Figs. 4A and C) is independent of the Jak/STAT pathway, since Upd does not seem to affect proliferation in this region .
Activated Notch causes overgrown amorphous head tissue
While investigating the Jak/STAT independent function of Notch on the cell cycle, we discovered that N act positive tissue had a strong growth advantage over wild-type tissue.
Using the Flip-out technique and ey-Flp, we produced eye tissue in which almost all cells express the N act transgene (see Materials and methods; some antennal tissue did not express N act ; Figs. 5A -D; cells expressing N act were marked by expression of GFP). Eye-antennal discs expressing N act were severely hyperplastic, losing much of their normal morphology (compare disc size in Figs. 5A and B) . Pharate adults of the same genotype had massively overgrown tissue within the head, and, apart from a few residual pigment cells, the tissue had no discernable features or structure, indicating that it had failed to differentiate (compare Figs. 5E and F) .
Interestingly, this phenotype differed from the phenotype seen when driving expression of N act directly with ey-Gal4. Although ey-Gal4 > UAS-N act caused overgrown eye tissue, the resulting adults had properly differentiated eye and head structures (Cho and Choi, 1998; Dominguez and de Celis, 1998; Kurata et al., 2000; Papayannopoulos et al., 1998) . Early in eye development, ey is expressed throughout the disc; however, prior to furrow formation, ey is turned off in posterior cells (Halder et al., 1998 ; see also Fig. 6E) . Therefore, N act driven by ey-Gal4 will also be turned off, allowing these cells to differentiate. In our experiment, through the recombination of the actin > CD2 > Gal4 transgene, N act was under the control of actin > Gal4 and thus remains expressed. Therefore, the continuous activity of Notch signaling (through constitutive N act expression) in the eye-antennal disc leads to hyperplastic discs and massively overgrown, amorphous adult head tissue, perhaps due to a block in differentiation. These results, while surprising, are supported by the increased proliferation and loss of Elav expression in N act clones (Fig. 4) .
N act promotes proliferation and blocks differentiation within the eye primordia
Notch signaling plays various roles in eye development, ranging from early growth and patterning to differentiation of specific retinal cell types (Artavanis-Tsakonas et al., 1999; Heberlein and Treisman, 2000) . As our data show, Notch activation can lead to overgrown amorphous adult head tissue, possibly reflecting a novel function of Notch signaling during eye development. To investigate this phenotype in more detail, we analyzed the respective third instar discs. Discs expressing N act have a majority of cells in S-phase, as detected by increased BrdU incorporation, indicating that the overgrown tissue is due to greatly increased cell proliferation ( Fig. 6B compared to panel A) . In contrast to the wild-type pattern of BrdU incorporation, there were no regions of non-incorporation (as seen in the furrow; arrowhead in Fig. 6A ), nor were there patterned The corresponding panels are shown at the same magnification for direct comparison. (A -D) N act causes massive overgrowth of third instar eye-antenna disc tissue during larval stages. (C,D) Same discs as panels A and B. Expression of N act was monitored by the co-expression of GFP (note that almost all cells of the eyeantenna disc show GFP expression; except for a small area in the antenna). Variation in GFP levels is due to disc morphology such that GFP levels appear higher in areas of folded tissue. (E,F) In adults, tissue fails to differentiate into adult structures and stays amorphous. Thorax is normal but cannot be seen due to overgrown head tissue. regions of incorporation (as seen in the second mitotic wave; arrow in Fig. 6A ). All cells appeared to be proliferating in an asynchronous manner, similar to wildtype cells anterior to the furrow in a normal scenario. This was also evident with other cell cycle markers, e.g. phos-H3 ( Fig. 6D and not shown) .
In addition to the effects on proliferation, we failed to detect any significant differentiation of cells within N act eye discs (as determined by the lack of the neuronal marker Elav; Fig. 6D ). In contrast to wild-type discs (Fig. 6C) , there was no region of photoreceptor differentiation in N act discs, with the exception of very few single, scattered Elav positive cells, usually located near the optic stalk (Fig.  6D) . The failure of cells to initiate differentiation was also indicated by the lack of Atonal (Ato) expression in N act discs (data not shown). Ato is a marker of early neuronal induction and photoreceptor differentiation since it is expressed in the furrow by cells of the R8 equivalence group and by the R8 photoreceptor (Baonza and Freeman, 2001; Jarman et al., 1994) .
Notch is known to inhibit neuronal differentiation during lateral inhibition; however, we do not believe that the block in differentiation that we see is due to lateral inhibition. Lateral inhibition occurs after cells have entered the furrow and become G1 arrested. These discs never enter G1 arrest nor is there any furrow, so it is unlikely that Notch activity would have the same effect as it does during this later stage. Additionally, Notch is required for pro-neural enhancement prior to an inhibitory role in lateral inhibition (Baker and Yu, 1997; Baonza and Freeman, 2001 ). As we did not see Ato expression in these discs, we believe that this block in differentiation represents a novel role of activated Notch in the eye.
In summary, differentiation was blocked in N act discs at a developmental stage equivalent to that of cells anterior to the furrow in wild-type discs. Thus, our data indicate that N act keeps cells in an asynchronous cell cycle mode (preventing them from undergoing the furrow specific cell cycle arrest). This also prevents the initiation of the ''furrow state'' and subsequent associated differentiation.
Notch act does not affect tissue specification
Notch signaling has important patterning functions early in eye development and has been linked to the activation of some of the early eye field specification genes, such as eyes absent (eya) (Kenyon et al., 2003; Kumar and Moses, 2001; Kurata et al., 2000) . Expressing constitutively active Notch early in eye development might interfere with organ primordia specification events, and thus the defects we have described may be due to problems in specification not differentiation. Therefore, we analyzed markers whose restricted expression represents early tissue patterning and specification within the eye-antennal disc. For instance, Distal-less (Dll), a marker of antennal fate, is expressed in the center of the antennal portion of the eye-antennal disc, and Eyeless (Ey) is restricted to the eye primordia at the beginning of the second instar stage (Kenyon et al., 2003) . In N act discs, Dll was expressed in the center of the antennal field ( Fig. 6F ; this region can be morphologically identified by concentric rings visible with Nomarski optics light microscopy, see Fig. 5B ). Furthermore, expression of Ey and Eya, markers of eye primordia, was also largely normal in N act discs (Figs. 6F -H). Compared to wild-type, the expression of Ey was broader than Eya, reminiscent of wildtype discs where the furrow has not yet initiated (Kenyon et al., 2003) . Thus, although N act eye-antennal discs are severely overgrown, these data show that the antennal and eye primordia are correctly patterned. Therefore, abnormal tissue specification does not explain the inability of cells to undergo subsequent differentiation and/or cell cycle arrest. Inhibiting differentiation represents a novel function of Notch in the eye disc and is possibly due to maintaining cells in a proliferative state (see Discussion).
Discussion
Unpaired is a cell-autonomous target of the Notch pathway One of the major questions surrounding the role of Notch on eye growth is how does a cell-autonomous signaling pathway induce global proliferation. In attempting to answer this question, eyg was identified as a downstream target of Notch for eye growth (Dominguez et al., 2004) . However, as eyg is a transcription factor, not a diffusible signal, this discovery does not reveal the mechanism of long-range Notch action. Chao et al. (2004) were able to show that upd transcription is regulated by Notch signaling. However, their work showed a non-autonomous effect on upd, which would require Notch to induce another signal that would then turn on upd in neighboring cells. Our work demonstrates that Notch regulates upd transcription cell-autonomously, possibly directly, and that Notch is both necessary and sufficient for this.
The discrepancy between our results and those of Chao et al. (2004) is likely due to their use of an upd -lacZ as a read-out of upd expression, rather than upd expression itself, as in our experiments. The upd-lacZ reporter line may not accurately reflect the regulation of upd expression. Analyzing upd transcription directly, we show that Notch activation is able to induce upd throughout the disc, whereas the upd-lacZ reporter was only expressed in clones located near the posterior margin. More importantly, our Notch clones (loss and gain-of-function) clearly demonstrate strict cell autonomy with respect to upd regulation by Notch. Chao et al. (2004) expressed a dominant negative form of Notch and saw an incomplete inhibition of upd-lacZ, such that cells expressing dominant negative Notch (dnN) still expressed upd -lacZ. This may be due to perdurance of LacZ, the reporter not reproducing upd regulation or the use of dnN instead of using mutant tissue. Lastly, Chao et al. (2004) showed that ectopic gain-of-function eyg clones induce upd -lacZ expression in cells neighboring these clones but not within clones. While we do not look directly at eyg, eyg is activated by Notch signaling and should be produced in N act clones. However, in N act clones, we see autonomous activation of upd, whereas eyg gain-of-function clones lead to non-autonomous expression of upd -lacZ (Chao et al., 2004) . One reason for this difference could be that Notch signaling has an additional function and inhibits the non-autonomy conferred by expression of Eyg alone. Experiments that look directly at upd transcription in eyg gain-of-function clones would address this possibility.
In summary, we demonstrate that Upd is cell-autonomously regulated by Notch activation. Our genetic data place the Jak/STAT pathway downstream of Notch signaling in regard to eye growth. Our loss-of-function data demonstrate that Notch activity is required for upd expression since both the early ventral expression of upd and the later posteriorly restricted expression are absent in Notch loss-of-function clones. This is a novel finding since a ventral requirement for Notch activity in the eye has not been shown. This may indicate that the DVmidline in the eye is not as sharp as the DV-midline in the wing, where Notch signaling is tightly localized (Irvine, 1999) . Interestingly, the expression pattern of E(spl)mb and eyg, two genes known to be under the control of Notch, does not show the same expression pattern as upd (Dominguez and de Celis, 1998; Dominguez et al., 2004) . In older discs, E(spl)mb and eyg expression is seen in the anterior of the eye disc in a wedge shape, while expression of upd is restricted to the posterior margin. Perhaps upd expression requires other factors expressed at the posterior margin or upd expression may be restricted by anteriorly located inhibitory factors. Since N act was able to induce upd in all areas of the disc, it is likely that the potency of activated Notch is able to bypass the potential requirement/inhibition of such factors. In addition, Dome is seen non-autonomously outside of N act clones indicating that Upd diffuses from its expression region and activates the Jak/STAT pathway in larger areas of the disc. These data along with results from Bach et al. (2003) and Tsai and Sun (2004) support a model in which Upd diffuses from the posterior margin and acts as a long-range growth signal in the eye.
The role of Notch in Jak/STAT independent cell-cycle control
All existing data (this study; Chao et al., 2004; Bach et al., 2003) support the model that during eye development Notch acts through the Jak/STAT pathway to regulate growth of the eye. However, our results also indicate that Notch can affect the cell cycle in a Jak/STAT independent manner as seen by its effects within and posterior to the furrow. Upd is unable to affect proliferation in these regions of the disc, so it is unlikely that the effects seen by N act are due to Jak/STAT activity . Interestingly, two recent studies report a role for Notch signaling in cell cycle control during the second mitotic wave (Baonza and Freeman, 2005; Firth and Baker, 2005) . Their collective results demonstrate that Notch signaling is necessary for cells to exit cell cycle arrest in the furrow and enter S-phase. Our data also indicate a positive role of Notch signaling such that cells within the furrow that express N act enter Sphase ectopically.
In addition, our gain-of-function Notch clones indicate that Notch activation confers a strong growth advantage with respect to wild-type tissue. Although we did not determine the various individual contributions of cell survival, proliferation and competition, the overwhelming amount of BrdU incorporation indicates that proliferation is increased in the N act discs. Activated Notch also inhibits differentiation and maintains cells in an immature state as seen by the lack of several differentiation and cell fate specification markers. N act is a potent signaling molecule and as with all gain of function experiments, this must be taken into account when interpreting these results. However, loss-of-function Notch clones do not undergo G1-S transition during the SMW, supporting a positive requirement of Notch for proliferation (Baonza and Freeman, 2005) . In addition, gain-of-function analysis of Delta in the eye was similar to N act and led to increased proliferation and likely differentiation defects (the latter was not analyzed in detail; Baonza and Freeman, 2005) .
It is unlikely that the inhibition of differentiation is due to the role of Notch in lateral inhibition. Notch has several successive activities during eye development. It has been shown that in prefurrow cells Notch has a pro-neural activity (Baker and Yu, 1997; Baonza and Freeman, 2001 ), while Notch acts to limit neuronal fate as cells leave the furrow (Baker et al., 1996) . The discs that have blocked differentiation have no furrow, as marked by G1 arrest, and no Ato expression, yet they express Ey and Eya and are therefore specified as and likely competent to be eye tissue. Expression of these markers indicates that these cells are stuck in a state similar to that of cells of young discs prior to furrow formation and neuronal differentiation. Since the tissue does not undergo the initial stages of neuronal specification, it seems unlikely that lateral inhibition occurs, which requires one cell to be specified as the R8, something that does not happen in these discs. Therefore, the block in differentiation seems to reflect a novel activity of Notch signaling in the eye.
While our experiments do not demonstrate whether the block in differentiation is a relevant activity of Notch during eye development, a similar role of the Notch pathway has been described in stem cell maintenance and cancer (Molofsky et al., 2004; . In T cell acute lymphoblastic leukemia/lymphoma (T-ALL), mutations in the human NOTCH1 gene produce activated forms of the Notch receptor in a progenitor pool of T cells. Expression of activated NOTCH1 causes this progenitor population to become highly proliferative and confers a survival advantage (Pear and Aster, 2004; . The mechanism by which activated NOTCH1 leads to oncogenic transformations in these cells and the targets responsible is yet unknown. Therefore, studying this phenomenon in the Drosophila eye may reveal important details of NOTCH1's role in T-ALL, and possibly other Notch signaling associated cancers.
